Oobius agrili Zhang and Huang (Hymenoptera: Encyrtidae) is a solitary egg parasitoid of the invasive emerald ash borer, Agrilus planipennis Fairmaire (Coleoptera: Buprestidae), and has been introduced to the United States for classical biological control. We characterized the weekly survivorship, fecundity, and diapause patterns of both diapaused and nondiapaused populations of O. agrili under four different temperaturephotophase combinations: 30 C (warm) and 20 C (cold) temperatures with both long-day (16 h) and short-day (8 h) photophase. Results of this study showed that regardless of the length of photophase, parental parasitoids of both diapaused and nondiapaused O. agrili survived significantly longer at 20 C than at 30 C. Both populations also laid their eggs faster at 30 C compared with those at 20 C. Higher proportions of the progeny produced by both populations of O. agrili were induced into diapause by short-day (8 h) photophase, regardless of rearing temperature. In addition, the diapaused parasitoids in the short-day photophase treatment at both warm and cold temperatures produced increasing proportions of diapaused progeny over time, whereas no significant differences were observed in the proportions of diapaused progeny by the nondiapaused parasitoids over different sampling times. These findings suggest that O. agrili should be continuously reared under warm temperature and long-day photoperiod (to avoid diapause for increased reproduction). In addition, we recommend that diapaused adults be used for field releases in early summer when temperatures are still relatively low (20 C) and host eggs are available so that they can produce multiple generations prior to overwintering.
Biotic and abiotic factors in the receiving environment can have profound effects on the successful establishment and efficacy of an introduced (nonnative) biological control agent in suppressing target pest populations (Stiling 1993 , Kimberling 2004 ). Among biotic factors, the reproductive potential and diapause patterns of introduced agents influence the success of classical biological control programs (Hopper 1999 ). In addition, climatic conditions such as temperature and photoperiod in the newly introduced regions are major abiotic factors that could interact with critical biotic factors, impacting the success of the introduced biological control agents effectively establishing and adequately controlling the target pest populations (Stiling 1993) .
Oobius agrili Zhang and Huang (Hymenoptera: Encyrtidae) is an egg parasitoid of the emerald ash borer, Agrilus planipennis Fairmaire (Coleoptera: Buprestidae), an economically and ecologically important pest of North American ash trees since its introduction from northeast China in the early 1990s (Haack et al. 2002 , Cappaert et al. 2005 , Poland and McCullough 2006 , Kovacs et al. 2010 , Herms and McCullough 2014 . This egg parasitoid neutralizes the host before the damaging larval stage and is therefore an important natural enemy of this forest pest in its native range of northeast China and is a promising classical biological control agent in North America (Zhang et al. 2005 , Liu et al. 2007 ). Since it was first approved for release in the United States in 2007 for biological control of A. planipennis, this egg parasitoid, along with two species of larval parasitoids Spathius agrili Yang (Hymenoptera: Braconidae) and Tetrastichus planipennisi Yang (Hymenoptera: Eulophidae), has been released in numerous sites of natural ash stands in the United States infested with A. planipennis. Recent field studies at the epicenter of A. planipennis invasion (Michigan) showed that O. agrili has established increasing populations following field releases between 2007 and 2010 (Abell et al. 2014 , Duan et al. 2015 . Successful establishment of O. agrili in most release sites (e.g., in Maryland and New York) has yet to be determined and require further evaluation as well as an improved monitoring method (Duan et al. 2011 (Duan et al. , 2012 Jennings et al. 2014) . Even in areas with established populations, such as Michigan, parasitism rates by O. agrili are not comparable with those in the native range (Liu et al. 2007 , Abell et al. 2014 .
Oobius agrili is a solitary parasitoid that reproduces parthenogenetically. Although males have been observed in its native range, only females have been observed in laboratory colonies. In its native range of North China, O. agrili was anecdotally observed as having bivoltine and, in some cases, multivoltine generation cycles, synchronizing it with emerald ash borer oviposition in the late spring and summer Liu 2006, Liu et al. 2007 ). Oobius agrili overwinters as larvae, possibly in diapause status, within emerald ash borer eggs in its native range (Liu et al. 2007 ). Hanson et al. (2013) reared O. agrili under cold temperature and short-photophase conditions that were assumed to be diapause-inducing conditions, but they lacked data to support this assumption. A recent study showed that rearing temperatures over the range of 20 to 30 C in the laboratory had significant impacts on the longevity of adult O. agrili as well as larval development, but not on diapause of reared O. agrili .
Given the paucity of our knowledge on the reproductive biology of O. agrili, we examined and quantified the fecundity, survivorship, and diapause patterns of O. agrili that had gone through diapause and also those that had not, under different temperature and photoperiod combinations. The test temperature regime consisted of constant 20 C (cold) and 30 C (warm), and the test photoperiod consisted of long-day (16-h photophase) and short-day (8-h photophase). These temperature and photophase treatments were chosen as extreme conditions representing early spring and summer or fall in the northeast United States to delineate clear trends, if any existed. We hypothesized that the combination of these temperature and photoperiod regimes would have varying effects on the reproductive behavior, adult survivorship, and diapause pattern of the two populations of O. agrili adults, potentially confirming suspected diapause-inducing conditions and revealing critical life-history strategies. The present study provides useful information for the development of release strategies to enhance the establishment of O. agrili, which may contribute to the optimization of current rearing programs for biological control of A. planipennis.
Materials and Methods

Parasitoids
Oobius agrili used in this study were F 30-40 progeny of a founder colony originally collected from northeast China between 2008 and 2010 , and has since been reared on emerald ash borer eggs. Two generationally differing populations of adult O. agrili were used for the study: the diapaused and nondiapaused female adults. The diapaused population consisted of parasitoids that had been stored in a 1.7 C storage chamber for 3-5 mo as larvae within parasitized emerald ash borer eggs. In the field, these parasitoids would be comparable with O. agrili that would emerge from overwintering larvae early in the season (late spring or early summer). The nondiapaused population consisted of parasitoids that emerged from nondiapaused larvae, which were reared at 25 C (photoperiod of 16:8 [L:D] h) for two generations from O. agrili that originally experienced a 3-5 mo diapause storage in 1.7 C. These parasitoids would be comparable with late (summer) season O. agrili in nature, where they would have not experienced winter (cold temperature) as larvae. All parasitoids used in this study began as naïve adult females, <1 wk old. We completed 13 replicates of the diapaused population and 12 replicates of the nondiapaused population, where each replicate consisted of two female O. agrili per vial, maintained throughout their lifetimes, totaling 26 and 24 O. agrili per treatment for the diapaused and nondiapaused populations, respectively.
Host Eggs
Host eggs used in the assays were collected on coffee-filter paper following the emerald ash borer rearing protocol of Duan et al. (2013) . Adult emerald ash borer beetles were collected from green ash trees, Fraxinus pennsylvannica Marshall, from Maryland field sites; infested bolts from these trees were stored at 4 C and placed at 25 C for year round adult beetle emergence. Adults were provided with fresh tropical ash, Fraxinus udehi (Wenzig) Lingelsh, leaves in a bouquet for feeding, and maintained at 25 C (photoperiod of 16:8 [L:D] h) in 1-liter clear plastic cups with small ventilation holes. A nylon screen (mesh size 1 mm 2 ) was placed over the cup followed by brown, unbleached coffee-filter paper tightly bound to the cup with a rubber band to create an egg-laying surface mimicking bark cracks. Female beetles oviposited eggs through the nylon screen on the filter paper. Papers with fresh eggs (<1 wk old) were cut into 0.5-to 1-cm-wide strips, for exposure to O. agrili.
Temperature and Photoperiod Treatments
We examined the potential effects of photoperiod and temperature on the reproductive biology of O. agrili using a two-by-two factorial design. Four environmental chambers (ARB-366, Percival Scientific Inc., Perry, IA) were used to create the temperature-photophase treatment combinations, consisting of (1) warm, 30 C, with a longday, 16-h photophase; (2) warm, 30 C, with a short-day, 8-h photophase; (3) cold, 20 C, with a long-day, 16-h photophase; and (4) cold, 20 C, with a short-day, 8-h photophase. Each chamber was maintained at 60% (610%) relative humidity.
Experimental Procedure and Data Collection
Parasitoids from both populations were distributed into each of the four environmental treatment chambers for a 24-h period to acclimate to the ambient conditions and undergo the full photophase treatment prior to exposure to host eggs. Two females were placed in each snap-cap vial (BioQuip Products, Ranchero Dominguez, CA; plastic tubes, 9 dram, 25.2 by 68 mm 2 ) with a screen-ventilated cap, using 100% nylon white organdy mesh hot-glued over a 1-cmdiameter hole cut into the lid. Five thin streaks of nondiluted clover honey were applied to the sides of each vial with an insect pin for water and nutritional needs. Two streaks of honey were refreshed once per week throughout the trials.
Test parasitoids were provided twice a week with fertilized host eggs on coffee-filter paper strips (4 strips per vial). Throughout the experiment, a 10:1 host:parasitoid ratio was maintained for each experimental unit (vial). Each time new host eggs were provided to females, parental parasitoid mortality was recorded, and exposed host eggs were removed and placed in 15-ml plastic vials with a loose fitting, screw-top cap with clover honey streaks. Vials were returned to the same treatment chambers as their parents, and maintained in clear Solo plastic cups with moist paper towels at the bottom.
Oobius agrili progeny emergence data were also collected twice weekly. Eight weeks postexposure to the adult parasitoids, exposed host eggs were dissected under a microscope whereupon parasitism, and parasitoid offspring diapause, emergence, and mortality were recorded. Diapaused O. agrili appear as whitish gray, mature larvae once revealed from within the egg. After 7.5 wk in any of the photophase-temperature treatment combinations, we expect that all nondiapaused parasitoid progeny would have emerged based on research on O. agrili development by Duan et al. (2014) . Parasitized (darkened) eggs with an exit hole were counted to determine the proportion of (nondiapaused) progeny that emerged within those 8 wk. Using a stereomicroscope and sharp forceps, any parasitized (darkened) eggs without an exit hole were dissected to determine if the O. agrili inside was in diapause or dead. Dead larvae tend to appear brown or black and desiccated, compared with gray, plump diapaused larvae. Any dead, unemerged (nondiapaused) adults were also recorded. Thus, each parasitized egg was categorized as containing a diapaused larva, emerged (nondiapause) adult, dead (nondiapause) adult, or dead larva.
Statistical Analyses
JMP PRO (Version 12) statistical software (SAS Institute 2015) was used to analyze the effects of the four temperature-photophase treatments on diapaused and nondiapaused O. agrili (separately) in relation to their fecundity, survival, and proportion of diapaused progeny. Survivorship of O. agrili in relation to temperature and photoperiod was analyzed using a survival analysis platform based on log-rank chi-square tests. A three-way analysis of variance (ANOVA) model was used to detect both main and interactive effects of temperature, photoperiod, and sampling time (weekly) on the oviposition rate of both diapaused and nondiapaused O. agrili. One-way ANOVA was used to detect the effect of combined temperature and photoperiod regime treatments on the oviposition rates per female and lifetime fecundity per replicate. A nominal logistic regression model (producing nominal logistic fit, or NLF) was used to detect the potential individual and combined effects of temperature, photoperiod, and sampling time (or parasitoid age) on the probability of diapause by O. agrili progeny produced by both diapaused and nondiapaused parental parasitoids. Diapaused and nondiapaused populations were tested at different times and are therefore analyzed separately and could not be compared statistically. All statistical outputs from JMP are presented in Supplementary Data Files (online only).
Results
O. agrili Adult Survival
Both diapaused and nondiapaused parasitoids survived significantly longer at 20 than 30 C (Table 1; Fig. 1 ). Both populations survived for a mean of 5-7 wk at 20 C and just over 3 wk at 30 C, regardless of photoperiod (Table 1; Fig. 1 ). The nondiapaused population experienced a significantly shorter average survival at the long-day photoperiod at 20 C than the short-day treatment, but still survived significantly longer than both of the 30 C treatments (Table 1) .
O. agrili Adult Oviposition Rates and Lifetime Fecundity
Temperature significantly affected the weekly oviposition rates for both populations (diapaused: F 1,572 ¼ 21.33, P < 0.0001; nondiapaused: F 1,406 ¼ 4.34, P ¼ 0.0378), with lower rates at 20 C than at 30 C (Fig. 2) . At 20 C, diapaused parasitoids laid eggs over 7-8 wk, decreasing the number of oviposition events per week gradually after a peak oviposition rate of approximately four eggs per female at week two ( Fig. 2A) . At 30 C, diapaused parasitoids deposited their egg load rapidly at a rate of approximately nine eggs per female at week one, then dropping to near zero eggs per female by week four compared with those at 20 C, which laid eggs more steadily over time ( Fig. 2A ).
Parasitoid age (sampling time) also significantly affected the oviposition rate for both diapaused (F 1,572 ¼ 114.88, P < 0.0001) and nondiapaused wasps (F 1,406 ¼ 178.75, P < 0.0001). Nondiapauesd parastioids laid most of their eggs in the first few weeks in all treatments ( Fig. 2B) . For both the diapaused and nondiapaused populations, the interaction between temperature and parasitoid age (sampling time) was also significant (diapaused: F 1,572 ¼ 51.13, P < 0.0001; nondiapaused F 1,406 ¼ 113.85, P < 0.0001).
While photoperiod had no significant stand-alone effects on oviposition, the interaction between photoperiod and sampling time was also significant for the nondiapaused insects (F 1,406 ¼ 11.47, P ¼ 0.0008). The nondiapaused population showed a trend similar to the diapaused parastitoids in both 30 C treatments, of high oviposition in the first few weeks, which subsequently dropped rapidly (Fig. 2B ). The nondiapaused parasitoids in both 20 C treatments laid eggs at a much lower rate than all other treatments.
For the diapaused parasitoids, there were no significant differences among treatments in the mean lifetime total fecundity per replicate (F 3,48 ¼ 0.55, P ¼ 0.6494; Fig. 3A) . In contrast, the nondiapaused population did have significantly different mean lifetime total fecundities per replicate (F 3,44 ¼ 9.21, P < 0.0001), with those in the 30 C, short-day (photoperiod of 8:16 [L:D] h) treatment exhibiting significantly higher mean lifetime total fecundity per replicate than any other treatment (Fig. 2B) .
O. agrili Progeny Diapause Patterns
Progeny of diapaused parasitoids initially showed little or no diapause under long-day conditions or under short-day conditions at 30 C (Fig. 4A) . Under short-day conditions at cool temperatures, about 40% of offspring were in diapause initially, and the proportion in diapause increased to near 100% over 5 wk at both 20 and 30 C (Fig. 4A) . These diapause patterns were significantly influenced by photoperiod (NLF v 2 ¼ 132.82, df ¼ 1, P < 0.0001) and temperature (NLF v 2 ¼ 8.46, df ¼ 1, P ¼ 0.0036). The interaction between sampling time (week) and photoperiod was also significant (NLF v 2 ¼ 38.24, df ¼ 1, P < 0.0001), as was the interaction between temperature, sampling time, and photoperiod (NLF v 2 ¼ 5.91, df ¼ 1, P ¼ 0.0150).
The nondiapaused population responded dramatically to photoperiod, with virtually all progeny entering diapause throughout the 5-wk sampling period when reared under short-day conditions, regardless of temperature ( Fig. 4B ; NLF v 2 ¼ 222.08, df ¼ 1, P < 0.0001). No significant interactions were observed. Parasitoids undergoing the long-day (photoperiod of 16:8 [L:D] h) treatments displayed an average of 50-80% of progeny induced into diapause in the cold (20 C) treatment and 40-70% in the warm (30 C) treatment (Fig. 4B ).
Discussion
Our findings indicate photoperiod and temperature greatly impact the reproductive biology of O. agrili and that populations that differ in whether they have come directly out of diapause or not responded differently to experimental environmental conditions. Photoperiod had the greatest effect on diapause patterns of both test populations. The hypothesized diapause-inducing conditions of 20 C paired with the short photoperiod succeeded at inducing diapause in both populations, though more readily in the nondiapaused population. Differences in diapause patterns between the populations support the multivoltine cycle theory of O. agrili in the field. The diapaused population under environmental conditions that were similar to early summer in certain parts of emerald ash borer's range in North America (photoperiod of 16:8 [L:D] h, 30 C), laid eggs that would likely result in subsequent generations in a particular season. This indicates that in order to establish an O. agrili population mimicking the multivoltine cycle exhibited in its original host range, diapaused parasitoids should be released during the early part of the emerald ash borer reproductive cycle, 2-3 wk after average adult emergence.
The differing proportions of diapaused progeny between the two test populations is valuable information for emerald ash borer biological control. The diapaused population that had come directly out of diapause displayed a delayed response to the short photoperiod, which started with a low proportion of diapaused progeny in early weeks and ultimately induced high proportions of diapause after several weeks. In the nondiapaused population, the shortphotoperiod treatment induced diapause in nearly 100% of the progeny, regardless of sampling time. The nondiapaused population paired with the long-photoperiod treatments resulted in a higher proportion of progeny going into diapause than diapaused populations paired with the same treatments, wherein very few offspring were induced into diapause.
The moderate proportion of diapaused progeny observed from the nondiapaused population under long-day conditions is likely due to temporal risk-spreading strategies. This life-history strategy likely evolved over generations of O. agrili exhibiting this multivoltine behavior to increase overall mean fitness (Hopper 1999) . Oobius agrili potentially has an epigenetic predisposition to induce diapause several generations after the diapaused generation because seasonality is generally predictable. Inducing diapause for approximately half of the offspring and allowing some to emerge within that season, while day length is long, may increase fitness.
Of all treatments, temperature had the greatest effect on the survivorship of adult O. agrili. Temperature plays a major role in development of insects, as they are poikilothermic and their metabolic processes are dependent on the ambient temperature. The two temperature treatments of 20 and 30 C were chosen as extremes to allow any patterns to be clearly visible. The survivorship analyses of O. agrili in the four treatments illustrate the classic effects of temperature on longevity . Parasitoids from both generations in the high temperature treatments, regardless of photoperiod, died significantly sooner than those in low temperature treatments.
These results suggest that the ambient conditions at the release sites for O. agrili will likely affect the longevity of the parasitoid. In northern parts of emerald ash borer distribution, O. agrili longevity will likely be greater than longevity in southern parts of emerald ash borer's established range such as Georgia and Virginia, where average temperatures are close to 30 C in early summer when emerald ash borer females are ovipositing. Oobius agrili survivorship and establishment could also be limited by high temperatures as emerald ash borer disperses further south, although we expect that our laboratory results may be underestimating the survival time of parasitoids in high temperatures in the field. We predict that cooler microclimates present in the field that were lacking in the laboratory will provide refuge for O. agrili, increasing longevity. These results indicate that O. agrili may be more adapted for survival in the mid to northern distribution of emerald ash borers' new host range. This prediction is supported by the similarity of the cooler climate in more northern range of emerald ash borer's distribution in the United States and southern parts of Canada to the original collection site of O. agrili in northeastern China.
Temperature had significant effects on the reproduction of O. agrili in combination with sampling time in that parasitoids in high temperatures released egg loads quickly and parasitoids in cold temperatures had a less dramatic decline in egg load release, but still decreased over time. In the case of the nondiapaused parasitoids in the short-day and warm treatment, photoperiod had an effect as well. Nondiapaused parasitoids appeared to be more sensitive to cold temperatures and had reduced fecundity at 20 C compared with 30 C, especially under short photoperiod. This could be due to their lack of experience with cold temperatures compared with diapaused parasitoids, which underwent several months of diapause in 1.7 C. Nondiapaused parasitoids in the high-temperature treatment paired with the short-day treatment had the highest mean parasitism rate per replicate out of all the treatments in that generation group. This treatment could be valuable when considering mass-rearing programs for parasitoid release. Nondiapaused O. agrili in the short-day treatment would produce progeny that will be required to undergo obligatory diapause, which can be stored, making them ideal for release the following spring.
Ultimately, our results indicate that the release of diapaused parasitoids will be most beneficial for releases early in the emerald ash borer reproductive season to allow O. agrili to establish a natural synchrony with its host. This generation of parasitoids, in response to the long photoperiod, will produce a majority of offspring that are not in diapause and emerge and establish multivoltine cycles in the field. Consequently, diapaused O. agrili should not be released late in the season. The offspring of this generation in the field will not diapause and will emerge with no fresh emerald ash borer eggs to attack, reducing the likelihood of establishment. Future studies should investigate O. agrili diapause termination to better understand host-parasitoid synchrony and improve release strategies. Subsequent studies might investigate diapause patterns in response to a gradient of photophases to determine their sensitivity and to predict how O. agrili might respond in the field over a latitudinal gradient as emerald ash borer continues to expand its range north and south. Field studies and release site monitoring, as well as increased numbers of releases, should be conducted to improve the establishment and success of O. agrili as a biological control agent targeting the emerald ash borer.
